ABSTRACT
DESIGN AND ANALYSIS OF CRV COMPONENTS IN THE
FERMILAB MU2E EXPERIMENT
Jaime M. Serrano, M.S.
Department of Mechanical Engineering
Northern Illinois University, 2017
Dr. Nicholas A. Pohlman, Director

The Mu2e experiment at Fermi National Accelerator Laboratory seeks to observe the
ultra-rare process of a lepton changing flavor from higher to lower fermion generations. This is
known theoretically as a Charged Lepton Flavor Violation (CLFV), and finding evidence of such
a process would provide insight into new areas of physics outside the Standard Model. Mu2e
intends on achieving higher sensitivity than any other such experiment by employing state-ofthe-art detectors and trackers to collect data, and minimize all background sources of error with
unprecedented precision. One of these backgrounds comes from natural cosmic-ray muons,
which can produce particles that appear to be created within the detector, or can themselves be
misidentified as electrons. To eliminate this source of error, a detector capable of detecting
penetrating cosmic muons will be utilized. This detector, named Cosmic Ray Veto (CRV), is
designed as a set of sections of additional shielding to be mounted onto the concrete shielding.
Each section is made up of several modules composed of four layers of long extrusions of
scintillating polystyrene and aluminum panels bonded adhesively. To achieve the desired
efficiency of 0.9999, the modules of each section are stepped at their ends and interlocked with
millimeter precision. In the top section of the CRV, there is a need for the ability to move

modules to access electronics and other components otherwise enclosed beneath them. To
facilitate access to these components, a system of lifting mechanisms, which would support and
raise modules using a centered platform, is being designed. Given that this loading scenario was
unaccounted for when modules were being designed, their structural integrity, as well as the
performance of the adhesive used to bond them, needs to be evaluated. Critical design constraints
for these mechanisms, such as platform width, rise speed, load capacity, and material selection,
will be determined by evaluating modules’ stresses and deformations under this new loading
scenario using FEA. Furthermore, shear and peel samples, made of aluminum and polystyrene
bonded with the resin epoxy used to construct modules, will be built per ASTM codes D1002
and D3164 respectively. These samples will be subjected to thermal fluctuations and
compression and loaded until failure. Gathered data for failure loads and modes will be evaluated
to assess adhesive performance and quantify the effects of such pre-test conditions.
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1. Introduction

Fermi National Accelerator Laboratory (commonly known as Fermilab) is the largest particle
physics laboratory in the United States and second largest in the world. Fermilab was founded as
the National Accelerator Laboratory in 1966, and later renamed in honor Ernico Fermi, the
renown Italian physicist credited with creating the first nuclear reactor in history among many
other feats [1]. Since its founding, Fermilab has sought to answer questions about the origin,
makeup, and overall nature of the Universe through the discovery and study of sub-atomic or
elementary particles. Throughout its history, Fermilab has pioneered advances in the field of
particle physics such as the discovery of top and bottom quarks, and the first direct observation
of a tau neutrino particle [1]. Today, Fermilab is specially interested in observing and studying
physical phenomena that are theorized to be possible yet are outside of that the Standard Model
of Particle physics defines. Discovery in these areas of physics have the potential to bring us to a
better understanding of things like dark energy, dark matter, quantum asymmetries, etc.
One such phenomenon is the Charged Lepton Flavor Violation (CLFV), which is precisely
what the Mu2e experiment seeks to physically observe for the first time in history. The Mu2e
experiment is currently being built at Fermilab, and is expected to be able to provide preliminary
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results as early as 2020. This $271M experiment seeks to observe a direct transformation from a
muon to an electron, which constitutes one such CFLV [2]

1.1 Physics Background

In order to understand the significance of this phenomenon it is important to be familiar with
the Standard Model of Particle physics as well as Modern Physics as a whole. The field of
modern physics, unlike classical physics, has transcended beyond Newtonian concepts as it has
shown them to not accurately predict physics when quantum or relativistic effects are applied
(quantum and relativistic effects are defined as such concerning sub-atomic distances and near
lightspeed velocities respectively). Modern physics accounts for these effects and breaks down
all physics into the irreducible interactions that make up nature’s behavior. These are named
fundamental interactions or fundamental forces and can define all known physics [3].
All these fundamental forces are believed to be related to one another, and thus a unified
theory of modern physics which encompasses all interactions is believed to be achievable.
Gravitation, unlike the other fundamental forces does not have any proven mediating particle
(although the existence of a Graviton particle has been theorized), yet its effects are experienced
by all particles and at seemingly infinite distances. Due to this lack of a particle, gravitation is
currently outside of the Standard Model of Particle physics [3].
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1.1.1 Standard Model of Particle Physics

The Standard Model accurately describes the interactions of the three remaining fundamental
forces, and classifies all known elementary particles based on these interactions. The standard
model separates particles into fermions and bosons, depending on whether the particle carries a
full-integer or half-integer spin (spin is the intrinsic angular momentum of an elementary
particle). A full-integer spin denotes that the particle is a force-carrier (essentially pure energy),
while a half-integer spin means the particle merely interacts with fundamental forces. The halfinteger spin of fermions also means in they are not massless, and thus are the building blocks of
all matter [3]. For each of the twelve fermion particles shown in Figure 1.1, there is a fermion
antiparticle that provides quantum symmetry. Fermions can further be separated into quarks and
leptons.

Figure 1.1 Elementary Particles in the Standard Model [4]
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Quarks make up protons and neutrons, which make up the nuclei of atoms and interact with
the strong force, while leptons are divided into negatively charged particles (electron, muon, and
tau) and non-charged particles (neutrinos), and interact mainly with the electroweak force [3].

1.1.2 Flavor Switching and Flavor Violations

Quarks and leptons are each divided into six species or flavors. The flavor of an elementary
particle denotes its mass, charge, and spin, much like nomenclature and symbols of the periodic
table define the characteristics of individual elements. However, unlike elements, elementary
particles have the ability to switch flavor, essentially transforming themselves into other particles
within the same group. This process has been observed with quarks, which switch from down to
up with relative ease, and among other flavors much more rarely [5].
When it comes to leptons, undergoing flavor change was initially forbidden by the Standard
Model. This limitation came as a result of neutrinos being considered massless, however the
discovery of neutrino oscillations proved they in fact have mass, and thus can switch flavor.
Leptons, specifically electron neutrinos and muon neutrinos, have neem measured to switch
flavor to neutrinos of following generations (electron neutrinos to muon and tau neutrinos and
muon neutrinos to tau neutrinos), however a change in flavor that goes back generations, while
theorized as possible, has never been observed [2]. This process is the definition of a Lepton
Flavor Violation. Measuring such a process and comparing it to their antiparticle counterparts
could bring insight into the matter-antimatter asymmetry we can observe in the universe.
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If the process of flavor switching happens in a charged lepton, instead of their uncharged
neutrino counterpart, the violation is named a Charged Lepton Flavor Violation. When a
negatively charged muon decays naturally, a negatively charge electron and electron neutrino
pair, along with a positively charged muon neutrino are produced. This process adheres to
conservation laws as the products have the same charge and mass as the initial muon. A CLFV
process in which a muon is converted flavor into an electron directly as opposed to decaying is
theoretically possible. Although the ratio of this process to the natural muon decay is predicted
by the standard model to be just one order of magnitude shy of one per every 1050 events, many
new physics models predict this violation to be much more common than that the standard model
states, bringing the event to within experimental sensitivity [2].

1.2 The Mu2e Experiment

The Mu2e experiment intends on measuring the ratio of direct and neutrinoless flavor
conversion from muons to electrons relative to natural muon decays. While there have been
many experiments that have unsuccessfully attempted to observe such a process, most notably
the SINDRUM II experiment in 2000, none come close to the degree of sensitivity of Mu2e,
which is expected to generate 10000 times more data than SINDRUM II. Mu2e will utilize of the
existing Fermilab Accelerator Complex, more specifically the Main Injector, as a source of
proton beam which will later be converted into muon beam. The building where the experiment
will take place has been completed, and the experimental setup is currently under construction
and it’s scheduled to be operational by the year 2020 [2].
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1.2.1 Mu2e Solenoids

To reach the desired degree of sensitivity, the experimental setup has been designed as a
system of solenoids, shown in Figure 1.2, each with the goal of providing improvement in three
specific areas of the process. The Production, Transport, and Detector Solenoids have been
designed to be able to provide more beam (more particles), to be able to transport beam more
efficiently (less loss of muons), and to be able to detect events with increased frequency and
sensitivity respectively.
The production solenoid is a superconducting magnet responsible for receiving an 8 GeV
proton beam from the main injector and directing it towards a tilted tungsten target. As the
protons are intercepted by the target, muons and pions (which decay into muons) are produced
among other secondary particles. The production solenoid produces two distinct magnetic fields
which separate the muons and pions from other undesired particles and supply them to the
transfer solenoid in the form of a separate muon beam [2].
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Figure 1.2 Mu2e Solenoid System [2]

The transport solenoid consists of several superconducting solenoid rings which are designed
to remove any remaining unwanted particles from the muon beam. The transport solenoid
focuses the muon beam, maximizing muon yield, while it eliminates high energy negatively
charged particles by incorporating two bends, which these particles are not able to follow.
Thanks to this, the transport solenoid delivers a highly focused muon beam to the detector
solenoid using a relatively weak magnetic field (relative to the production solenoid) [2].
The detector solenoid is composed of two detectors which will search for the characteristic
Mu2e signal. Both detectors are inside a cylindrical shell which contains a superconducting
magnet capable of generating a 2 Tesla magnetic field along the solenoid. As the muon beam
travels into this final solenoid, it encounters an aluminum target located at the center of the
proton absorber. Nearly half of the muons stop at this point, and either decay or are captured by
the aluminum nucleus potentially producing neutrons, neutrinos, protons, and electrons. This
section of the detector solenoid is where the first attempt at observing the characteristic Mu2e
signal occurs, as muons may undergo the 𝜇 − + 𝐴𝑙 → 𝑒 − + 𝐴𝑙 conversion. Less than a fifth of
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the time, the protons generated by stopping muons have similar energy spectrums to other
particles. The main goal of the proton absorber which surrounds the aluminum target is to
prevent these protons from traveling into the tracker, or at the very least reducing their
momentum and this their energetic signal so they cease to act as a background. As the beam
travels through the tracker and the calorimeter, the particles decay or conversion is measured as a
ratio of detected electrons to other products [2].
After the beam crosses the calorimeter, it is intercepted by the muon beam stop, which stops
the remaining particles. The purpose of the stop is to absorb the remaining energy of the beam in
order to prevent noise getting back to the detectors as the remaining muons decay [2].

1.2.2 Cosmic Ray Veto

The proton absorber and the muon beam stop are both components that aid in reducing
backgrounds due to processes that are triggered within the experimental setup, however, given
the increased degree of sensitivity and accuracy that Mu2e is expected to attain, backgrounds
from outside the experimental setup must also be suppressed. One of these potential sources of
error comes from cosmic-ray muons. Cosmic-ray muons are among other particles that compose
cosmic radiation generated by a number of processes that are constantly occurring within the
universe in addition to the Big Bang [2]. Cosmic-ray muons have the potential to trigger several
processes which generate particles that can be mistaken as being generated from the stopping
targets. These muons can be misidentified by the detectors as electrons or they can produce
electrons and positrons through secondary delta-ray productions or by simply decaying.
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Although the rate of occurrence of such events is limited to one a day, this background must be
suppressed to maintain the desired sensitivity without compromising results. In order to
effectively eliminate this source of error, several forms of passive shielding, such as the building
itself and the concrete enclosure built around the detector solenoid and the back end of the
transport solenoid, are employed. While the concrete shielding is effective in stopping these
muons, it is not effective enough on its own, which is the reason an additional section of
shielding was designed. This additional shielding is an active detector named the Cosmic Ray
Veto (CRV). The CRV detector, shown in Figure 1.3, works in conjunction with the tracker and
the collimator by detecting cosmic-ray muons as they are penetrating into the solenoid system,
and marking them. By precisely marking muons entering from space, the other detectors are able
to ignore specific data produced at those times which may falsely yield the Mu2e signal [2].

Figure 1.3 Isometric View of CRV Detector [2]
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The cosmic ray veto is designed as several sections aimed to provide full coverage of the
sections of interest. Each section of CRV is composed of several modules which interlock
together with millimeter precision to close any potential paths that a cosmic-ray muon may
follow to make its way into the solenoid system. The allowable interlock gap, as well as the
needed overhang from the top section of CRV over the side sections is determined as a function
of the statistical probability for a particle to penetrate the gaps that remain [2].
The modules within the CRV vary from section to section, however they share several key
features. The average CRV module (shown in Figure 1.4) is made up of four layers of several
scintillator counters equipped with wavelength-shifting fibers, each connected to a silicon
photomultiplier or SiPM. The SiPM’s are often placed on both ends of each counter extrusion
and they detect the penetrating particles as the travel through the scintillator.
The four scintillator layers are separated by aluminum panels of varying thicknesses which
also aid in preventing background by absorbing penetrating muons [2].

Figure 1.4 CRV Module Structure
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The aluminum spacers are stepped at their ends to provide the necessary interlock depending
on the sections of the CRV (see Figure 1.5). The scintillating counters and the aluminum spacers
are glued together with a resin epoxy, which provides for a simple and robust design that
minimizes cost and potential gaps that may come with the need for moving parts [2].

Figure 1.5 Top CRV Module Interlock

The CRV must operate with an efficiency of 0.9999 and, unlike other detectors, will be
collecting data when beam is not being delivered to the experiment, which means operating
uninterrupted in an intense radiation environment. Due to this and the fact that the CRV is
required to limit the conversion-electron background to less than 0.1, the allowable error is very
limited [5]

1.3 Thesis Objective

To achieve the required coverage, the top section of the CRV is designed to hang over the
side sections by several inches making the top electronics, which read data from the counters of
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the side modules, inaccessible. The fact that all the top modules are interlocked only adds to the
problem, since all modules but the first one are vertically constrained by its adjacent siblings. In
case of an electronic malfunction or general maintenance of the SiPM’s those electronics will
need to be accessed. The original scheme to allow access, shown in Figure 1.6, involves sliding
individual modules in and out though the use of a pulley or hydraulic cylinder and a pulling
fixture that attaches to the tabs of the bottom aluminum absorber, which serves as the Strongback
structure of the module [6].

Figure 1.6 Current System for accessing side CRV electronics [6]

Sliding modules in this manner may prove hard to do since they are heavy (900 – 1000 kg)
and supported by Teflon pads which increase frictional resistance. In addition to this, the center
of mass of each module is not located at the center of the Strongback, and pulling with the
fixture depicted may cause the module to slightly tilt as they are being pulled out, which would
modify the interlock gap and may affect the sensitivity of the CRV. If the tilt is severe enough,
and the module being pulled comes into contact with its neighbors, this scheme may also damage

13
the reflective coating of the scintillator of these adjacent modules. Given these potential issues,
an alternative scheme has been designed to allow access to the electronics in question. This
alternative involves replacing one of the three rows of structural supports of the top section of the
CRV with hydraulic or pneumatic lifting tables shown in Figure 1.7. These mechanisms would
have the capacity of lifting subsections of several modules from a centered platform, without
potentially jeopardizing the interlock gap. However, the CRV modules are structurally weakest
in this direction and may get deformed or damaged depending on how much length is
unsupported and how quickly they are raised.

Figure 1.7 Proposed system for accessing CRV side electronics

The purpose of this thesis is to evaluate the CRV modules in such a scenario both
analytically and computationally in order to determine important constraints for such a lifting
mechanism such as the required platform width or the maximum allowable raising speeds. The
results of this thesis will also be utilized in other important areas of the CRV’s life such as proper
module storage and allowable overhang.
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Given that this handling scheme subjects the top modules to an array of previously
unexplored loading scenarios, the integrity of the bonding agent used to construct the modules
will also be examined. The glue will be experimentally tested for peel and shear under several
pre-testing conditioning procedures to determine if its performance is adequate. Since CRV
modules have not been built yet, determining any weaknesses in structural integrity or glue
performance would prevent failure and the unnecessary cost of fabricating new modules.

2. Module Analysis – Analytical Method

The purpose of this chapter is to provide the initial analytical solution, based on some
approximations and simplifications, used to guide the focus of Chapter 3 towards lift mechanism
design parameters that are acceptable. The solution obtained in this chapter will also serve as a
tool for verifying and validating the solution obtained in Chapter 3.

2.1 Module Overview

As mentioned in Chapter 1, while all modules share their four-layer construction, there
several different module dimensions depending on the section of the CRV they belong to. This
thesis will focus on the “Long” and “Extra-Long” modules which make up the top sections of
CRV, shown in Figure 2.1. The CRV-T section is composed of twenty long modules, while the
CRV-TS is made up of six extra-long modules.

Figure 2.1 Top View of CRV [2]
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The only difference between the CRV-T and CRV-TS modules, shown respectively in
Figure 2.2, is their length and weight. Long modules are 5.6 m long and weigh in at around 900
kg (2000 lbs), while extra-long modules are 6.6 m and approximately 1065 kg (2350 lbs).

Figure 2.2 CRV-T and CRV-TS dimensional difference

The most important components of all the modules of the CRV are the scintillator counters.
The modules of the top sections contain about 30% of the total scintillator extrusions in the
detector. These extrusions will be produced at Fermilab using the FNAL-NICADD Extrusion
Line Facility. The extrusions are made of a polystyrene core (AmSty Styron 665), which is later
covered with a thin layer of titanium dioxide reflective coating. The polystyrene, which is
originally in pellet form, is heated and forced through the extrusion line to be molded into the
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desired dimensions. The extrusions have a 50 mm by 20 mm (mostly) rectangular cross section,
with two 2.6 mm holes which house the wavelength-shifting fibers, shown in Figure 2.3.
As muons penetrate the scintillators extrusions they generate photons, which is detected by
the fibers and relied to the SiPM’s. This concept of light detection is also used during the process
of module fabrication, as it provides a way of assessing the quality and generally calibrate
counters using artificial LED light. Scintillating extrusions are glued in couples, dubbed dicounters; each of the four layers of scintillator for both the long and extra-long modules is made
up of eight di-counters. The di-counters are not glued to each other, instead they are precisely
positioned within their layer using a special jig and glued to their respective aluminum absorbers.
The adhesive used (ITW Devcon HP 250) is a high-performance epoxy resin with high shear
strength. There are five layers of 6061-T6 aluminum absorbers, which provide structural
integrity to the modules acting as stress carriers. The layers of aluminum, defined in Chapter 1,
are designed with different thicknesses which keep the center of mass of the module closer to the
Strongback, preventing unwanted moments in modules that are positioned vertically. The
Strongback is the last layer of aluminum, and has been designed to carry most of the stresses as
the hanging point for vertical modules and support surface for top modules [2]

Figure 2.3 Polystyrene extrusion cross sectional dimensions [2]
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2.2 Lift Design Specifications

There are several constraints in designing the lift mechanism which will be optimized
through the results obtained in the analysis of the modules performed in this thesis. These are
parameters such as lifting platform width, rise velocity, and capacity. However, the mechanism
is subject to a set of geometric constraints which must be met. The lifting mechanism must have
the same width and lowered height as a module support fixture. This means the width of the
mechanism must be constrained to no more than 1350 mm at the base, independent from lifting
platform width. The lowered height of the mechanism must be exactly 120.65 mm, and its rise
needs to be limited to about 250 mm to prevent impact with shielding above it.
If possible and financially attainable, the mechanisms must be constructed using
nonmagnetic materials such as Aluminum or Titanium. If nonmagnetic construction is not
possible, the capacity each mechanism must be increased to be able to overcome additional loads
caused by the magnetic fields of the solenoids beneath. The capacity of each lifting mechanism
must be defined with this in mind, and as a function of how many modules will be lifted by each
machine. A recommendation of how many modules per platform need to be lifted will be made
within this document, however due to a lack of precise quotes on customized mechanisms this
recommendation is subject to change in the future. The two main constrains that this document
focuses on is lifting platform width and rising speed, which will be determined as a function of
allowable stresses and deflections.
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2.3 Analytical Calculations

Due to the modules having a constant cross section and clearly defined layers of material,
it was decided to approximate them analytically as a composite beam of rectangular cross
section. Having analytical calculations for bending stresses, shear stresses, and deflections will
prove to be a useful tool in verifying and validating our findings in the computational analysis of
Chapter 3. All the calculations for this chapter were conducted using a Mathcad 15 script which
can be found in Appendix A. The following subsections will explain the reasoning behind the
calculations in the Mathcad worksheet.

2.3.1 Reactions, Shear, and Bending Moments

The loading scenarios for a long and extra-long module being supported from a centered
platform and lifted from a centered platform were approximated as a beam with equal overhang
over simple supports under a uniformly distributed load, as Shown in Figure 2.4.

Figure 2.4 Loading diagram for a beam with equal overhang over simple support under
uniform loading [7]
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While the actual system will incorporate a continuous support, the fact that the overhangs are
larger than the supported region will cause the center of the beam to deflect upwards, meaning
the acting supports will effectively be just the edges of the platform. This bending behavior
causes our approximate system to be even closer to the true scenario and thus yield more
accurate results. The cross section of the beam was simplified to a rectangular one to perform
this analysis (Figure 2.5). The fact that we will use the transformed section method (which
enlarges the Aluminum layers’ width by a factor of over 20), ignoring the overhang of each layer
in the figure below does not dramatically affect our calculation. The width of the module was
assumed to be 950.3 mm, which is the distance across the leading edges of each side of the
module.

Figure 2.5 Module cross section and approximated crossection

Each layer of scintillator has a constant thickness of 20 mm and is composed of Styron 665,
which has a density of 1040 kg/m2. Thus, the total weight of the four scintillator layers per unit
length is:
𝜌𝑆𝐶 = 1040

𝑘𝑔
𝑚3

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑆𝑡𝑦𝑟𝑜𝑛 665
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𝑡𝑆𝐶 = 20 𝑚𝑚

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑆𝑐𝑖𝑛𝑡𝑖𝑙𝑎𝑡𝑜𝑟 𝐿𝑎𝑦𝑒𝑟𝑠

𝑤𝑆𝐶 = 𝜌𝑆𝐶 ∙ 4 ∙ 𝑔 ∙ 𝑡𝑆𝐶 ∙ 950.3 𝑚𝑚 = 0.775

𝑁
𝑚𝑚

The aluminum layers vary in thickness from the 0.762 mm of the Cover to the 12.7 mm of
the Middle Spacer, yet they share 6061-T6 Aluminum, with a density of 2770 kg/m3, as their
material. The weight per unit length of the Aluminum layers is:
𝜌𝐴𝐿 = 2770

𝑘𝑔
𝑚3

𝑡𝐸𝐶 = 0.762 𝑚𝑚

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 6061 − 𝑇6 𝐴𝑙𝑢𝑚𝑖𝑛𝑢𝑚
𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝐸𝑛𝑑 𝐶𝑜𝑣𝑒𝑟

𝑡𝑆 = 9.525 𝑚𝑚

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝐼𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒 𝑆𝑝𝑎𝑐𝑒𝑟𝑠

𝑡𝑆𝐵 = 9.525 𝑚𝑚

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑆𝑡𝑟𝑜𝑛𝑔𝑏𝑎𝑐𝑘

𝑡𝑀𝑆 = 12.7 𝑚𝑚

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑀𝑖𝑑𝑑𝑙𝑒 𝑆𝑝𝑎𝑐𝑒𝑟

𝑤𝐴𝐿 = 𝜌𝐴𝐿 ∙ (𝑡𝐸𝐶 + 2 ∙ 𝑡𝑆 + 𝑡𝑀𝑆 + 𝑡𝑆𝐵 ) ∙ 𝑔 ∙ 950.3 = 1.085

𝑁
𝑚𝑚

(2.1)

Combining these two values gives us the total weight per unit length on the beam which we
will use as the uniformly distributed load for the analytical calculations. This load value is the
same for both types of modules.
𝑁

𝑤 = 𝑤𝑆𝐶 + 𝑤𝐴𝐿 = 1.861 𝑚𝑚

(2.2)

The reaction forces can be found as a function of the centered platform width “L”, using the
following equations:
𝑎=

𝐿𝑀 −𝑊𝑃
2

(2.3)
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𝑅𝐴 = 𝑅𝐵 = 𝑤 ∙ (𝑎 +

𝑊𝑃
)
2

(2.4)

Where “a” is the length of each overhang, “LM” is the total length of the module, and “WP”
is the width of the lift platform. Loading any beam in this manner generates internal stresses and
strains along its cross section. These stresses are caused by the distribution of loads and reactions
along the beam and can be reduced to physical qualities called stress resultants. These resultants
identify the internal forces and moments responsible for generating the stresses throughout the
length of the beam. Conventionally, the specific resultants of interest in the analysis of a beam
are shear force “V” and bending moment “M”. The maximum value for shear occurs at the
supports locations, and can be found using:
𝑉𝑚𝑎𝑥 = 𝑉𝐴 = −𝑉𝐵 = −𝑤 ∙ 𝑎

(2.5)

The shear force diagram for a CRV-T module supported by 60 and 90 platforms respectively are shown in
Figure 2.6. Similarly, the maximum bending moment occurs at the supports locations, and can be

found using the following equality:
𝑀𝑚𝑎𝑥 = 𝑀𝐴 = 𝑀𝐵 =

−𝑤∙𝑎2
2

(2.6)

The bending moment diagram for a CRV-T module supported by 60 and 90 platforms respectively
are shown in Figure 2.7. Using these bending moments and shear forces we will be able to

calculate bending and shear stresses for each layer of material in the following subsections.
Reaction forces, Shear, and Bending moments are thus functions of the variable “a” which is
dependent on the width of the lifting platform and the total length of the module. This means that
the results for the extra-long modules of the CRV-TS will be linearly greater in magnitude than
those of the long modules.
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Figure 2.6 Shear force diagram for a CRV-T module on 60 and 90 inch-wide supports
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Figure 2.7 Bending moment diagram for a CRV-T module on 60 and 90 inch-wide supports
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2.3.2 Transformed-Section Method

The transformed-section method is a simple and fairly accurate procedure for evaluating
bending stresses in composite beams. This method is generally preferred by many engineers
since it provides a convenient way to interpret and organize calculations and results. The method
involves transforming the cross section of the composite beam into an equivalent cross section
for an imaginary beam by adjusting the widths of the layers composed of one material to have
equal properties to those of the other. This new cross section is dubbed the transformed section,
and the results for its stresses and deformations are equal to those of the original beam [8].

Figure 2.8 Transformed section method [8]

The change in width of one of the materials is determined by a factor called the modular ratio
“n”, which is a ratio of the moduli of elasticity of the materials in the composite beam. In this
analysis, it was decided to transform the aluminum layers instead of the polystyrene. AmSty, the
manufacturer of Styron 665, lists its tensile modulus as 3170 MPa, which will become material
one in this study. The modulus of elasticity of 6061-T6 Aluminum alloy is given as 68.9 GPa,
this will be denoted as material two.
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Thus, the modular ratio for this composite beam is:
𝐸

𝑛 = 𝐸2 = 21.735
1

(2.7)

The width of each aluminum layers is increased “n” times, yielding a transformed width of
20.655 m. This transformed width of the aluminum layers will be used in the process of
calculating the location of the neutral axis and the moment of inertia of the transformed section.
Furthermore, since the layers of aluminum are now over twenty meters long, the overhang of the
leading and trailing edges of each module, shown in Figure 2.5, is relatively insignificant.

2.3.3 Neutral Axis Calculations

The transformed beam is now composed of only one material, and thus the neutral axis
travels through the centroid of the transformed cross sectional area. Since the beam has been
assumed to have a rectangular cross section in this analysis, the horizontal location of the
centroid remains at the center. The vertical location needs to be determined, yet having the
vertical centroid of each member be half of its thickness simplifies the calculations.
The origin was placed at the centroid of the Middle Spacer, and the distances from this point
to the centroids of each layer were determined (Figure 2.9). Using these distances and the crosssectional areas for each layer, the centroid location relative to the chosen origin was calculated.
These distances and areas can be seen in Table 2.1, and are consistent for both CRV-T and CRVTS modules.
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Table 2.1 Neutral axis calculations
i-Component
EC-End Cover
L1-Scint. Layer 1
OS-Outer Spacer
L2-Scint. Layer 2
MS-Middle Spacer
L3-Scint. Layer 3
IS-Inner Spacer
L4-Scint. Layer 4
SB-Strongback

Wi(mm)
20654.785
950.3
20654.785
950.3
20654.785
950.3
20654.785
950.3
20654.785

ti(mm)
0.762
20
9.525
20
12.7
20
9.525
20
9.525

Ai(mm2)
15738.946
19006
196736.832
19006
262315.776
19006
196736.832
19006
196736.832

Figure 2.9 Initial centroid distances for neutral axis calculations

ȳi (mm)
56.256
45.875
31.113
16.35
0
-16.35
-31.113
-45.875
-60.638
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Using these values, we can calculate the distance from the origin to the true centroid of the
composite beam “C” using the following equation:
𝐶=

∑(𝑦̅𝑖 ∙𝐴𝑖 )
∑ 𝐴𝑖

= −11.696 𝑚𝑚

(2.8)

The individual ȳ values for each component of the beam are amended by subtracting “C”
from them, thus finding the true distance from each component’s centroid to the neutral axis of
the beam.

2.3.4 Moment of Inertia of the Transformed Section

The moment of inertia of the transformed cross section will be later used to calculate the
deflections and normal stresses of the beam. The transformed moment of inertia was found using
the parallel-axis theorem to find the moment of inertia of each layer of the composite beam and
then performing a sum. The equation for the moment of inertia of each component is given as:
𝐼𝑖 =

𝑊𝑖 𝑡 𝑖
12

+ 𝐴𝑖 ∙ (𝑦𝑖 − 𝐶)2

(2.10)

Where “Wi”, “ti”, “Ai”, and “yi” are the width, thickness, cross-sectional area, and distance
to the selected origin for each component of the module (values are shown in Table 2.1). Just
like the location of the neutral axis, the moment of inertia of each layer of the module as well as
the transformed section does not change between the long and extra-long modules. The moments
of inertia of each layer are listed along with the moment of inertia of the transformed section in
Table 2.2.
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Table 2.2 Moments of inertia calculations
i-Component
1-End Cover
2-Scint. Layer 1
3-Outer Spacer
4-Scint. Layer 2
5-Middle Spacer
6-Scint. Layer 3
7-Inner Spacer
8-Scint. Layer 4
9-Strongback
IT =

Ii (cm4)
7267.45
6362.70
36201.76
1558.30
3940.84
104.52
7565.88
2283.67
47272.92
112558.04

2.3.5 Tip Deflection

Having found the moment of inertia of the transformed section of the composite beam, the
vertical deflection of the unsupported end of the beam can be evaluated as a function of the lift
platform width and module length (“a” is a function of these two variables), using the following
equation [7]:
𝑦(𝑥) =

𝑤(𝑎−𝑥)
[𝑊𝐿 (𝑊𝐿 2
24𝐸1 𝐼𝑇

− 6𝑎2 ) − 𝑎2 (3𝑎 − 𝑥) + 𝑥 2 (𝑎 + 𝑥)]

(2.11)

The maximum deflection is thus found at the end of the beam (x = 0). The maximum tip
deflections for the CRV-T and CRV-TS as a function of the width of the lifting platform are
plotted in Figure 2.10.
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Figure 2.10 Analytical solution for maximum deflection for CRV-T and CRV-TS modules

2.3.6 Bending Stress

Using the true distances to the centroids of each layer, and knowing the thickness of each
component, the distances from the neutral axis to the ends of the beam, along with each material
interface was found. These distances for each component can be seen in Figure 2.11.
While all the values shown are positive, it is important to note that the stress results for the
interfaces above the centroid of the beam along with the top of the beam are tensile stresses,
while the faces below the centroid experience compressive stresses.
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Figure 2.11 Distances from neutral axis to component interfaces

Using these distances, the normal stresses at the top and bottom edges of each component
were found. Given that the transformed beam is composed of a single material, these stresses can
be calculated using the standard flexure formula. The stresses found with this calculation for the
transformed beam will match those of the polystyrene layers in the original beam. The stresses
found for the aluminum components will be off by the modular ratio “n”, which needs to be
accounted for in the calculations.
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The formulas to find the stresses on the top and bottom surfaces of the scintillator layers are:
𝜎𝑖𝑇 = −

𝑀𝑚𝑎𝑥 ℎ𝑖𝑇
𝐼𝑇

𝜎𝑖𝐵 = −

𝑀𝑚𝑎𝑥 ℎ𝑖𝐵
𝐼𝑇

(2.12)

In the case of the aluminum layers, the equations for the top and bottom stresses change to:
𝜎𝑖𝑇 = −

𝑀𝑚𝑎𝑥 ℎ𝑖𝑇
𝐼𝑇

∙𝑛

𝜎𝑖𝐵 = −

𝑀𝑚𝑎𝑥 ℎ𝑖𝐵
𝐼𝑇

∙𝑛

(2.13)

Where the subscripts “T” and “B” correspond to the equations for the top and bottoms
stresses, “Mmax” is the maximum bending moment found in equation 2.6, and “IT” is the
moment of inertia for the transformed cross section. Using these equations, the maximum
stresses for each individual layer of both the long and extra-long modules were found and plotted
as a function of the width of a lifting platform. The stresses for the four layers of scintillator for
each type of module are plotted in Figure 2.12 while the stresses for the aluminum components
are seen in Figure 2.13.

33

Figure 2.12 Analytical solution for maximum stresses at polystyrene layers for CRV-T and
CRV-TS modules
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Figure 2.13 Analytical solution for maximum stresses at aluminum for CRV-T and CRV-TS
modules
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2.3.7 Transverse Shear Stress

Another relevant type of stress is transverse shear at the contacting interfaces between
materials. When boards are simply stacked together (with no connection at their contacting
interfaces) and subjected to a bending load, each layer of material is free to slide on one another,
which allows for each layer to deform independently. In such a stack of beams, the horizontal
shear forces are zero at the contacting interfaces and maximum at the neutral axis of each layer
of material. However, if the boards are glued or fastened they will behave as a unit. In this case,
transverse shear forces will develop at each contacting interface (see Figure 2.14).

Figure 2.14 Free vs bonded stacks of beams under bending

The shear stress distribution in the bonded case becomes parabolic, and the maximum
longitudinal shear stress occurs on the neutral axis of the composite beam. By applying this
knowledge to the module geometry, it is expected that the bonded contacts on the top and bottom
surfaces of the third layer of scintillator will experience the greatest shear stresses.
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The horizontal shear stresses at any point in the cross section of a rectangular beam can be
found using the shear formula, defined as:
𝜏=

𝑉𝑄
𝐼𝑏

(2.14)

Where “V” is the vertical shear force at the specific cross section, “b” is the width of the
beam, and “Q” and “I” are the first moment of area and moment of inertia of the section
respectively.
In the case of the module, the moment of inertia in equation 2.14 becomes the previously
found “IT”, the width is the width of the scintillator layers (b = 950.3 mm), and the shear force is
the maximum shear force calculated by equation 2.5. The first moment of area can be calculated
using the following equation:
𝑄 = 𝑦′𝐴

(2.15)

Where “A” is the area above the vertical point were shear stresses are to be calculated, and
“y’” is the distance from the neutral axis of the beam to the centroid of said area. In order to find
the moments of area for the interfaces with the maximum values of stress, the areas labeled A1
and A2, shown in Figure 2.15, were defined. Using the values from Table 2.1, it is determined
that areas one and two are 0.5128 m2 and 0.4125 m2 respectively. Area two is symmetric across
the neutral axis, thus its centroid is simply half the height. Adding this to “hL3B” from Figure
2.11, yields the distance from the neutral axis to the centroid “yA2”.
To find the centroid of area one, the same method used to find the beams neutral axis was
employed, however the origin was set on the centroid of the second layer of polystyrene. This
was added to “hL3T” to find “yA1”.
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The distances from the neutral axis to the centroid of areas one and two are found to be
27.665 mm and 34.179 mm, and remain the same for both types of modules.

Figure 2.15 Areas and centroid distances to neutral axis for finding shear at the desired
interfaces

Using these distances, the first moments of area can be calculated as:
𝑄𝐿3𝑇 = 𝑦𝐴1 ∙ 𝐴1 = 1.4187 × 10−2 𝑚3
𝑄𝐿3𝐵 = 𝑦𝐴2 ∙ 𝐴2 = 1.4098 × 10−2 𝑚3
Plugging these findings back into 2.14 yields the following two equations for transverse
shear stress at the top and bottom surfaces of Scint Layer 3:
𝜏𝐿3𝑇 = −

𝑉𝑚𝑎𝑥 ∙𝑄𝐿3𝑇
𝐼𝑇 ∙𝑏

𝜏𝐿3𝐵 = −

𝑉𝑚𝑎𝑥 ∙𝑄𝐿3𝐵
𝐼𝑇 ∙𝑏

(2.16)
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These shear stresses are plotted in Figure 2.16 as a function of platform width. The top
surfaces, being closer to the neutral axis, experiences the largest transverse shear out of all the
boded interfaces. By examining the plots in Figure 2.16, it is seen that in the worst-case scenario
(smallest platform) this stress does not reach a tenth of a megapascal. Knowing that the adhesive
used to bind all interfaces is rated for over twenty megapascals, it is determined that there is no
need to repeat these operations to find the shear stresses at all interfaces.

Figure 2.16 Analytical solution for shear stress at the top and bottom surfaces of scintillator
layer 3
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2.5 Summary

The solution found in this chapter predicts the largest stresses for the CRV-T and CRV-TS in
bending, which will occur for their respective smallest platforms, will range between 5.5 to 6.6
MPa for aluminum components and between 0.25 to 0.28 MPa for the scintillator layer. In both
cases these stresses are well below yield and thus the modules are expected to be safe from
mechanical failure. It has also been shown that the maximum longitudinal shear stresses will not
be a point of concern as they are almost negligible and the binding epoxy that will be opposing
them is expected to have high shear stress resistance.
Deflections have been found to be less than 3 and 6 mm on the unsupported ends of the
CRV-T and CRV-TS modules respectively. This is not expected to be cause for concern since
both types of material will be operating well within their elastic regions.

3. Module Analysis – Computational Method

This chapter uses FEA to explore the mechanical effects of the lifted and lifting loading
scenarios on the modules with varying lifting platform width, to assess their structural integrity
in the case the lifting mechanism scheme is deemed necessary. The computational analysis will
be conducted using FEA in ANSYS Workbench 17. The analytical solution found in Chapter 2
will be compared to the computational one to validate and verify this analysis.

3.1 Module Geometry

In the following sections, the components within the modules will be referred to using the
common names that were given to them in ANSYS. These terms are meant as a quick
description of the component in question to be used as a reference for navigating this chapter.
These naming conventions and their abbreviations can be seen in Figure 3.1. It is important to
note that the color of the layers may vary among figures since ANSYS randomly assigns color
every time the geometry is modified, which happens every time the width of the lift platform is
adjusted.
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Figure 3.1 Module component names

The 3D models for the CRV-T and CRV-TS modules were designed using Siemens NX 9.0
by physicists and engineers at University of Virginia and Argonne National Lab. The files that
were received at Fermilab required a certain degree of simplification in order to ensure an
accurate yet efficient computational study. The first and most significant simplification was done
on the scintillator extrusions. The initial geometry of the scintillator counters made the task of
meshing a very difficult one due to the rounded edges and the fiber carrying holes that penetrate
through them. The fact that the model for each di-counter was composed of two contacting
counter bodies, as opposed to a single volume, also complicated mesh node alignment and node
sharing. The refinement of this component was carried out in two stages, first the holes were
eliminated and the two counters were merged into a single volume. This did simplify the
component and yielded better mesh, however, it still brought the element count into the millions.
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The second step in refinement simply replaced the entire di-counter assembly with an
extruded rectangle of the same dimensions, which is ideal for sweep meshing given the constant
cross section. The original and modified di-counters were analyzed separately under bending
conditions. This analysis yielded a difference of results smaller than 0.01% when comparing
stress, strain, and deformation results. In addition to this, the SiPM electronic boxes at each end
were removed and replaced with distributed mass on the surfaces they were meant to be attached
to. The second simplification involved removing the support tabs at both ends of the Strongback,
which are not critical in the bending scenario since they are just weight at the deflected end of
the module. The weight of the tabs was calculated and added as a distributed mass to their
location on the Strongback. Lastly, the Middle Spacer was also modified by removing the holes
along its lower edge. The holes made sweep meshing very hard and drastically increased
computational time. The original and modified Middle Spacers were tested individually
evaluated under bending, and the results were shown to be the same within 0.01% for stress,
strain, and deformation. The fin al geometry is shown in Figure 3.2

Figure 3.2 CAD model imported into ANSYS
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3.2 Materials, Contacts, and Mesh

The ANSYS model is composed of only two materials, AmSty Styron 665 which makes up
each di-counter in the layers of scintillator, and Aluminum Allow 6061-T6 for the aluminum
absorbers. The ANSYS model developed for this chapter only accounted for mechanical
properties which were relevant for structural analysis, these properties are listed in Table 3.1.
Table 3.1 Material properties for the ANSYS model
Property Units
kg/m3
Density
lb/ft3
MPa
Young’s Modulus
psi
Poisson’s Ratio
MPa
Yield Strength
psi
MPa
Ultimate Strength
psi

6061-T6 Aluminum AmSty Styron 665
2770
172.93
68900
9993096.21
0.35
280
40611
310
44962

1040
64.925
3172
460000
0.34
51.71
7500
52.40
7600

The coordinate system shown in Figure 3.2 was imported from the original models and will
remain the same throughout analysis of all modules in this chapter. The 38 volumes that
compose a module were sectioned at the plane of symmetry (XZ plane) and merged as a single
part to reduce computational time and to avoid the need for contact pairs and contact elements.
Contacts not only increase the node/element count but also complicate mesh convergence since
contacts are interpreted as sudden nonlinearities within the part. By combining all layers into one
part, the nodes on contacting faces are merged, significantly lowering the overall node count and
computational time. This node merging effect can be seen in Figure 3.3.
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Figure 3.3 Node merging caused by combining volumes into a single part

By having the module be a single part, the only contact used in this analysis was a frictional
one between the module and the support body. The support body is a solid meant to represent the
width of the lifting platform, which is arbitrary in its thickness and materials, and it is not
evaluated for any results. The coefficient of friction for the contact between the Strongback and
the support block (seen in Figure 3.4) is set to 0.35, which is that of Aluminum to Steel.

Figure 3.4 Single frictional contact used in computational analysis

Achieving an accurate an efficient mesh for these models was one of the more complex tasks
within the computational analysis. Initially, low and higher order tetrahedrons were used to
obtain preliminary results. These results proved to be accurate, but the element count for both
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instances was high enough to make this mesh an impractical one as it required hours of
computational time even for the coarsest mesh. Due to the shape of each component and the size
of the model, it was determined that a hexahedral mesh would be the most appropriate.
Hexahedral elements are better at achieving convergence and allow for the mesh to be very
refined without requiring the high element count that tetrahedrons do [9]. However, due to the
existence of certain fillets, gaps, and bonded areas, the ANSYS “Hex Dominant” method was not
able to yield a usable mesh. It was then determined that a swept mesh would generate the desired
Hexahedral elements, given that the geometry is essentially an extruded cross section. The final
mesh, seen in Figure 3.5, was achieved using the “Multizone” method, with the element type
restricted to Hexahedrons. The di-counters, being the critical components, were the volumes to
which the refinement was applied. The mesh of the scintillators was adjusted by aspect ratio, and
due to the collection of volumes being a single part, the mesh of the aluminum spacers was
adjusted automatically to match the mesh of the scintillator layers. Mesh convergence studies as
well as the average aspect ratio for each refinement are provided in Appendix B.

Figure 3.5 Refined ANSYS mesh
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3.3 Loading Scenarios & Desired Results

The “Lifted” loading scenario is meant to simulate the mechanical effects on a module
that is being supported from a centered platform. This scenario is considered to evaluate the
status of the CRV module during the electronics maintenance work. In order to achieve this,
three displacement constraints and a loading condition were applied. First, all the areas on the
plane of symmetry were constrained by not allowing displacement in the Y axis. Secondly, given
that the interlock gaps are defined as the Strongback in adjacent modules come into contact, the
vertical areas on the long sides of the module Strongback were constrained in the Z axis. The last
displacement constraint was applied on all areas of the support body and for all degrees of
freedom, which neglected all effects on that solid. Lastly, acceleration due to gravity was applied
in the positive X direction. All boundary conditions for the lifted scenario can be seen in Figure
3.6.

Figure 3.6 Boundary conditions for FEA

47
The “Lifting” scenario is meant to evaluate the momentarily increased stresses and
deflections during the lifting process due to the sudden increase acceleration as the mechanism
begins to move. The increase in acceleration was defined as an added ten percent from the
previous scenario. The commercial lifting mechanisms that were researched showed and average
rise velocity of an inch per second. Assuming that it takes for the mechanism half a second to
achieve lifting velocity, the acceleration would be about half a percent greater than that of
gravity. By greatly overestimating the acceleration increase as ten percent and as long as the
results for this exaggerated scenario are within the allowable values, unknowns such as the actual
rise velocity or the time it takes to reach it from rest can be ignored. All the displacement
constraints from the previous scenario are kept the same. It is important to note that the section
of the module directly above the support is subjected to upward deformation instead of
remaining in contact with the platform. This is the reason a two body ANSYS model was used as
opposed to simply applying a displacement constraint to the area in question. All moduleplatform combinations were analyzed for: vertical deformations (X direction), Von-Mises stress,
and horizontal shear stress (XY plane) for each individual component. Vertical deformations
found, even when purely elastic, are of importance given that as the modules are lowered back
into position, the deflected end will come into premature contact with an adjacent module and
may compromise its interlock gap alignment or damage the reflective coating on the scintillating
layers. Given the specific supports of the module, the volume located directly above the support
will “bow” or bend upwards, separating it from the platform. While the expected magnitude of
this deformation is negligible, it is an important feature to point out since it differentiates the
support scheme used from any other scheme previously used to evaluate the effects of module
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bending due to overhang. While the aluminum layers are expected to carry most of the stress, the
di-counters are expected to suffer some deformation which (although well below any magnitude
that would warrant concern for mechanical failure) may have a negative effect on the ability of
light to travel through the polystyrene. Due to the layers of the modules being slightly offset in
the Z direction, the resulting stress analysis will yield small stresses in this axis due to torsion.
Given that the analytical solution that will be used to verify the FEA assumes pure bending, it
was decided to evaluate Von-Mises stress instead of normal stress. Von-Mises stress is an
averaged measurement of three-dimensional stress, and a widely accepted criterion used to
evaluate material failure. Furthermore, the relative integrity of a material in a specific application
is usually given in terms of a factor of safety. The factor of safety of a specific material under
stress is found by dividing the Von-Mises stress by the materials yield strength. This provides a
ratio of the actual strength to the required strength of a material for a specific application.

3.4 CRV-T Results

The long modules of the CRV-T were analyzed using support bodies with width ranging
from 60 to 90 inches using five inch increments. The contour plots in the following subsections
will be for the “Lifted” scenario’s smallest and largest platforms, and are meant to show how the
distributions for deformations and stresses change as the platform widens. The full range of
results for each subsection is also plotted, along with their respective solution from Chapter2.
The raw data can be found in Appendix C.
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3.4.1 Deformation

As predicted by the analysis in Chapter 2, vertical deformation occurs in the unsupported
sections of the module and it is maximum at the ends. These deflections, seen in the contour
plots shown in Figure 3.7, are found to be well within the elastic range yet not necessarily within
the required design specification. Although the colors of the contour plots may appear similar,
the magnitude of the results varies greatly between the two figures. The smallest lifting platform
(60 in) will induce an end deflection of more than 2 mm, while the largest platform (90 in)
greatly reduces the overhang thereby decreasing the deflection to almost 1 mm.

Figure 3.7 Vertical deformation for CRV-T modules on 60 and 90 in platforms
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The results found using this computational model were plotted alongside the analytical
calculations from Chapter 2. Figure 3.8 shows the deflections predicted analytically to be slightly
larger than those from the FEA. This is due to the fact that in the analytical case the deflection is
purely vertical since the cross-section is rectangular, while the true deflection, studied
computationally, has a slight Z component since the mass is offset.

Figure 3.8 Analytical vs FEA solutions for maximum tip deflection in CRV-T modules
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3.4.2 Von-Mises Stress on Aluminum Components

As predicted by the analysis in Chapter 2, the maximum values for stress occur on the
sections of each component directly above the edges of the support, and on the aluminum
components. While the colors of the contour plots, seen in Figure 3.9, may appear similar, the
magnitude of the results varies greatly between the two figures.

Figure 3.9 Top view of equivalent stress for CRV-T modules on 60 and 90 in platforms

52
The smallest lifting platform (60 in) will cause equivalent stresses of over 5 MPa, while the
larger (90 in) shows reduced stress values just below 3.5 MPa. In both cases, the maximum
stresses are found on the End Cover component of the module. It is important to note that the
contour plots do not differentiate between tensile and compressive stresses, since they are of the
Von-Mises stress instead of Normal stresses. All components below the centroid of the module
(~5 mm below the top surface of Scint. Layer 3) are assumed to be under compressive stress.
The maximum tensile stresses are easier to see in Figure 3.9, while the location of maximum
compressive stresses are marked with probes in Figure 3.10.

Figure 3.10 Bottom view of equivalent stress for CRV-T modules on 60 and 90 in platforms
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The smallest lifting platform (60 in) will cause equivalent stresses on the Strongback of
around 4 MPa, while the larger platform (90 in) reduces these stresses to just over 2.75 MPa. The
minimum factor of safety for the aluminum components was determined to be over 50. These
FEA results were plotted in Figure 3.11 alongside the analytical calculations from Chapter 2.
Specifically, the maximum stresses for the End Cover and Strongback components, which are
where the maximum tensile and compressive stresses occur, were plotted. In both cases, the
resulting stresses are shown to be very close to the analytical calculations.

Figure 3.11 Analytical vs FEA solutions for maximum tensile and compressive stresses in
CRV-T modules
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3.4.3 Von-Mises Stress on Scintillator Extrusions

Due to the large difference in yield stresses between both materials, it is important to
evaluate the stresses in the layers of scintillator. As predicted by the analysis in Chapter 2, the
maximum values for stress occur on the sections of each layer directly above the edges of the
support. The contour plots seen in Figure 3.12 show the equivalent stress on the scintillator
extrusions for half a module in symmetry, and a zoomed in view of a section plane which slices
the module at the edge of the lifting platform. Also, consistent with Chapter 2, the maximum
stresses appear on layers 1 and 4, while the minimum is on layer 2 (location of the neutral axis)

Figure 3.12 Equivalent stress on the polystyrene layers for CRV-T modules on 60 and 90 in
platforms
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While the colors of the contour plots, seen in Figure 3.13, may appear similar, the magnitude
of the results varies greatly between the two figures. The smallest lifting platform (60 in) will
cause equivalent stresses of 0.24 MPa, while the larger (90 in) shows reduced stress values just
below 0.16 MPa. The minimum factor of safety for the layers of scintillator was determined to be
over 200. The FEA results for maximum scintillator stress was plotted in Figure 3.13 alongside
the analytical calculations from Chapter 2. The resulting stresses are shown to be very close to
the analytical calculations.

Figure 3.13 Analytical vs FEA solutions for maximum equivalent stresses in polystyrene
layers for CRV-T modules
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3.4.4 Maximum Horizontal Shear Stress at Bonded Interfaces

Although the analytical calculations for shear stresses at the interfaces showed that the
resulting magnitudes were very low and not particularly concerning, the interfaces where the
maximum values occur were evaluated computationally in order to verify both analyses. As
predicted by the analysis in Chapter 2, the maximum values for stress occur on the sections
directly above the edges of the support, and on the top surface of scintillator layer 3. Although
the colors of the contour plots, seen in Figure 3.14, may appear similar, the magnitude of the
results varies between the two figures.

Figure 3.14 Horizontal shear stress for scintillator layer 3 in CRV-T modules on 60 and 90 in
platforms
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The smallest lifting platform (60 in) will cause maximum shear stress of 0.065 MPa, while
the larger platform (90 in) shows reduced stress values just below 0.05 MPa. Given that the shear
strength of the binding glue at this interface is over 20 MPa, it is determined once again that
horizontal shear stresses due to bending are negligible. The plot for maximum shear stresses
along the top surface of scintillator 3 are plotted along with the analytical solution. can be found
in Figure 3.15. Although the error between computational and analytical solution may seem
larger in this figure, the difference in the found stresses is consistent with the analysis for the
other results.

Figure 3.15 Analytical vs FEA solutions for maximum shear stress in CRV-T modules
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3.4.5 Lifting Scenario Results

The contour plots, magnitudes, and analytical calculations for the lifting scenario only differ
from the ones shown in this subsection by magnitude. Although the analysis was performed nonlinearly, since the stresses and deformations generated by this increased load are still well within
the elastic region their change in magnitude will be linear. Including these results would seem
redundant, so instead it was decided to express this change in magnitude as an average
percentage increase from the lifted scenario. The magnitude changes are listed in Table 3.2, and
the raw data has also been provided in Appendix C.
Table 3.2 Magnitude increase of each result in the CRV-T lifting scenario
Result Type
Max Deformation (Y)
Max Von-Mises Stress on End Cover
Max Von-Mises Stress on Strongback
Max Von-Mises Stress on Polystyrene
Max Interface Shear Stress (XY)

Magnitude Percentage Increase
10.45 %
10.57 %
10.83 %
10.10%
10.82%

3.5 CRV-TS Results

The extra-long modules of the CRV-TS were analyzed using support bodies with width
ranging from 90 to 120 inches using five inch increments. The contour plots in the following
subsections will be for the “Lifted” scenario’s smallest and largest platforms, and are meant to
show how the distributions for deformations and stresses change as the platform widens. The full
range of results for each subsection is also plotted, along with their respective solution from
Chapter2. The raw data can be found in Appendix C.
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3.5.1 Deformation

Just like in the case of the CRV-T, and as predicted by the analysis in Chapter 2, vertical
deformation occurs in the unsupported sections of the module and it is maximum at the ends.
These deflections, seen in the contour plots shown in, Figure 3.16, are found to be well within
the elastic range yet not necessarily within the required design specification. The smallest lifting
platform (90 in) will induce an end deflection of more than 3.5 mm, while the largest platform
(90 in) greatly reduces the overhang thereby decreasing the deflection to almost 2 mm.

Figure 3.16 Vertical deformation for CRV-TS modules on 90 and 120 in platforms
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The FEA results were plotted alongside the analytical calculations from Chapter 2. Figure
3.17 shows the deflections predicted analytically to be slightly larger than those from the FEA.
This is due to the fact that in the analytical case the deflection is purely vertical since the crosssection is rectangular, while the true deflection, studied computationally, has a slight Z
component since the mass is offset.

Figure 3.17 Analytical vs FEA solutions for maximum tip deflection in CRV-TS modules
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3.5.2 Von-Mises Stress on Aluminum Components

Much like in the previous section, the maximum values for stress, shown on Figure 3.18,
occur on the sections directly above the edges of the support on the aluminum components. The
smallest lifting platform (90 in) will cause equivalent stresses of over 5.5 MPa, while the larger
(120 in) shows reduced stress values of 4.3 MPa. In both cases, the maximum stresses are found
on the End Cover component of the module.

Figure 3.18 Top view of equivalent stress for CRV-TS modules on 90 and 120 in platforms
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Just like in the CRV-T results, the maximum tensile stresses are easier to see in Figure 3.18
while the location of maximum compressive stresses are marked with probes in Figure 3.19.
Similar to Figure 3.18, the stresses in Figure 3.19 are very different although they may appear to
be of similar color. The smallest lifting platform (690 in) will cause equivalent stresses on the
Strongback of around 5.8 MPa, while the larger platform (120 in) reduces these stresses to just
below 3.5 MPa.

Figure 3.19 Bottom view of equivalent stress for CRV-TS modules on 90 and 120 in
platforms
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Once again, failure factor of safety for the aluminum components was determined to be over
50. The computational results were plotted in Figure 3.20 with the analytical calculations from
Chapter 2. Specifically, the maximum stresses for the End Cover and Strongback components,
which are where the maximum tensile and compressive stresses occur, were plotted.

Figure 3.20 Analytical vs FEA solutions for maximum tensile and compressive stresses in
CRV-TS modules
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3.5.3 Von-Mises Stress on Scintillator Extrusions

As predicted by the analysis in Chapter 2, the maximum values for stress occur on the
sections of each layer directly above the edges of the support. The contour plots shown in Figure
3.21 show the equivalent stress on the scintillator extrusions for half a module in symmetry, and
a zoomed in view of a section plane which slices the module at the edge of the lifting platform.

Figure 3.21 Equivalent stress on the polystyrene layers for CRV-TS modules on 90 and 120
in platforms

Although the colors of the contour plots, seen in Figure 3.21 appear similar, the magnitude of
the results varies greatly between the two figures. The smallest lifting platform (90 in) will cause
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equivalent stresses of 0.275 MPa, while the larger (120 in) shows reduced stress values just
below 0.18 MPa. The failure factor of safety for the layers of scintillator was once again
determined to be over 200. The FEA results were plotted in Figure 3.22 alongside the analytical
solution for each layer of scintillator found in Chapter 2. In all cases, the resulting stresses are
shown to be very close to the analytical calculations.

Figure 3.22 Analytical vs FEA solutions for maximum equivalent stresses in polystyrene
layers for CRV-TS modules
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3.5.4 Maximum Horizontal Shear Stress at Bonded Interfaces

Consistent with the analytical solution from Chapter 2, the maximum values for stress occur
on the sections directly above the edges of the support, and on the top surface of scintillator layer
3. Despite the colors of the contour plots, seen in Figure 3.23, appearing similar, the magnitude
of the resulting shear stresses vary between the two figures. The smallest lifting platform (90 in)
will cause maximum shear stress of just under 0.07 MPa, while the larger one (120 in) shows
stress values of around 0.053 MPa.

Figure 3.23 Horizontal shear stress for scintillator layer 3 in CRV-TS modules on 90 and 120
in platforms
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Once again, given the high shear strength of the HP 250 epoxy used to glue all module
interfaces, it is confirmed that horizontal shear stresses due to bending are not a point of concern.
The plot for maximum shear stresses along the top surface of scintillator 3 are plotted along with
the analytical solution. can be found in Figure 3.24. Although the error between computational
and analytical solution may seem larger in this figure, the difference in the found stresses is
consistent with the analysis for the other results.

Figure 3.24 Analytical vs FEA solutions for maximum shear stress in CRV-TS modules
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3.5.5 Lifting Scenario Results

The contour plots, magnitudes, and analytical calculations for the lifting scenario only differ
from the ones shown in this subsection by magnitude, and thus including them would seem
redundant. Instead, it was decided to express this change in magnitude as an average percentage
increase from the lifted scenario. The magnitude changes are listed in Table 3.3, and the raw data
has also been provided in Appendix C.
Table 3.3 Magnitude increase of each result in the CRV-TS lifting scenario
Result Type
Max Deformation (Y)
Max Von-Mises Stress on End Cover
Max Von-Mises Stress on Strongback
Max Von-Mises Stress on Polystyrene
Max Interface Shear Stress (XY)

Magnitude Percentage Increase
10.04%
10.02%
10.02%
10.00%
10.01%

3.6 Summary

Performing this FEA analysis has shown the modules can potentially experience up to 7 MPa
in the worst-case scenarios of the new loading cases they were studied for. The analysis has
shown that the aluminum spacers effectively carry most of the stresses occurring in bending,
which keeps the weaker polystyrene to be subjected to anywhere near its yield point. The
maximum deformations are shown to be under 4 mm for the CRV-TS and 3 mm for the CRV-T,
which is not a mechanical concern for strain failure. Nevertheless, these maximum deflections
may not all be suitable from a design perspective. This analysis shows that the side of the lifting
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platform is the critical variable for the design of the lifting mechanisms given that the
overestimated lifting condition did not generate any effects that would damage the module.

4. Adhesive Performance – Experimental Method

The purpose of this chapter is to assess the adequacy of the selected adhesive used to bind
the independent layers of the CRV modules. In order to do this, peel and shear test samples have
been designed and constructed by referencing testing procedures outlined in ASTM standards
(five of each type). The experimental samples, have been subjected to different pre-test
conditions and loaded until failure. Data gathered for failure stresses resulting from applied loads
will be compared with earlier experimental results, and examined taking into account fracture
modes to determine failure causes.
By reviewing the results found in chapters 2 and 3 for maximum shear stress at the interfaces
of a module, it is apparent that the new loading scenarios do not call into question the adequacy
of the selected epoxy. Nevertheless, the experimental results found in this chapter will help in
determining the strength decreasing effects of thermal fluctuation and compression conditions
being applied to fully cured samples prior to testing. Having a clear picture of how these
conditions affect glue performance will be vital in determining ideal transport and storage
schemes for CRV modules.
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4.1 Review of Adhesive Joints

Adhesive bonding is a useful method for permanently bonding materials which generally
favored by designers due to its wide range of industrial applications. Some advantages of
adhesive joints include uniform load distribution, reduced need of machining, and improved
corrosion resistance. Adhesive bonding is also particularly advantageous to mechanical fasteners
(such as rivets) for applications that require high weight to strength ratio and high fatigue
strength [10].
Although, adhesive materials are generally more cost effective than the materials used in
mechanical fasteners, this type of bonding method carries indirect costs. The joined surfaces of
adhesively bonded materials, known as adherends, require careful cleaning and priming in order
to yield a perfect bond, which may bring about an added cost of labor and equipment. Adhesives
generally have relatively long cure times, which can also be considered a cost.
Due to the nonuniform density of most adhesives, the curing time is not exactly the same
across the bonded interface, and thus neither is the resulting geometric volume of the cured
adhesive. This brings about an array of non-linearities that, in addition to the plastic nature of
adhesives, greatly complicates and compromises the accuracy of an analytical solution. While it
is possible to achieve an accurate numerical solution, this too requires a fair amount of
assumptions and approximations. Despite the fact that nondestructive testing of adhesive bonds
is generally not possible, experimental analysis of bonded joints is usually preferable [11].
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4.1.1 Joint Types and Bonded Joint Stresses

The strength of adhesive bonds varies dramatically depending on the selected
adhesive/adherend pair, as well as the type of joint employed. Joints are specially designed for
each application depending on the direction of the service loads that the bond will need to
withstand, and the degree of difficulty involved in manufacturing said joint. There are four basic
types of bonded joints, which can break down any configuration no matter how seemingly
complex [11]. These four basic joints, shown in Figure 4.1, are: butt, corner or angle, lap or
surface, and tee.

Figure 4.1 Basic types of joints [12]

When evaluating the direction of the applied loads, the resultant stresses on the adhesive
bond are classified into four significant types [11]. These four important stresses are tension,
shear, peel, and cleavage, shown respectively in Figure 4.2.

Figure 4.2 Types of joint stress [13]
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Evaluating the resistance of an adhesive/adherend pair to a specific type of stress requires
specialized testing methods and joints. The American Society for Testing and Materials (ASTM)
outlines several standard methods and joints to be used in testing adhesive resistance to each of
the before mentioned stresses. The proper ASTM method must be chosen depending on the type
of adhesive, types of adherends, and type of loading [11].

4.1.2 Failure Modes for Bonded Joints

When a joint fails or fractures, understanding the nature of said failure is one of the most
important steps in finding its causes and coming up with a solution. First, it is important to
determine what theoretical strength of the bonded interface is. Given that the yield stresses of an
adhesive are generally provided by its manufacturer, calculating the theoretical strength of a
sample based on its dimensions is a simple process. Comparing theoretical strength to the actual
breaking stresses is the first step in understanding the type of failure. Evaluating failure modes in
bonded joints may determine the adequacy of the adhesive/adherend pair, and sometimes can
also determine when a specific joint has been damaged or improperly constructed. Adhesively
bonded joints are known to fail in three distinct ways, shown in Figure 4.3, and with varying
degrees of severity within each failure mode. These three types of failure are adhesive, cohesive,
and adherend failure [14].
A bonded joint is considered to have failed adhesively (Figure 4.3(a)) when the joined
surfaces of adhesive and adherend separate partially or completely. Adhesive failure occurs at
stress values that are lower than the theoretical strength. Causes of this type of failure are usually
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attributed to lack of compatibility between adhesive and adherend, failure to achieve the
recommended bondline, and an improperly prepared or contaminated adherend surface.
Combinations of these causes for adhesive failure are also possible [15].
Cohesive failure (Figure 4.3(b)) implies the adhesive material has fractured, leaving clear
traces on both adherends. If the values for theoretical strength and breaking stress are similar, it
is deemed that the adhesive has been subjected to greater stresses than it was designed for.
Cohesive failure may also occur at stress values that are lower than the theoretical strength, in
which case the cause usually stems from impurities in the adhesive [15]. A mixed failure
between adhesive and cohesive is also possible (Figure 4.3(c)).
Lastly, when the failure occurs anywhere on the adherents of the joint, it is considered
adherend failure. Adherend failure (Figure 4.3(d)) occurs at stress values that are lower than the
theoretical strength, and its generally due to the strength of the adherends being lower than the
bond strength. These In addition to the listed reasons for each type of failure, it is also important
to note that environmental effects, such as changes in temperature or humidity, can cause an
adhesive bond to fail any of the characteristic modes. The importance of understanding the
differences between failure modes and their causes will become clear later in this chapter when
evaluating the experimental samples and results [15].

Figure 4.3 Failure modes in adhesive bonds [16]
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4.2 Experimental Procedure

As outlined in Chapter 2, the Styron 665 polystyrene and aluminum 6061-T6 layers of
the CRV modules are designed to be bonded using an epoxy glue. The process of glue selection
was carried out at the University of Virginia in late 2015. The epoxy characteristics that were
deemed important were a high shear strength and adhesive compatibility with a variety of
materials (since at this point the polystyrene material of the scintillator layers hadn’t yet been
chosen). It was decided that Devcon HP-250 epoxy would be used to construct the CRV
modules. This epoxy has a shear strength of 22 MPa (for a bondline thickness of 0.254 mm), a
peel strength of about 7 N/mm, and is compatible with metals and rigid plastics among other
materials. Devcon HP-250 requires a precise 2:1 volume mixing ratio between resin and
hardener, and a full seven days to cure in order to gain the properties listed by the manufacturer
[17].

4.2.1 Peel Sample Design

The peel samples were designed by adapting the test specimen defined in the ASTM D1876
standard to incorporate a plastic adherent doubly bonded to the bent metallic components onto
which the load is applied. The purpose of this standard, commonly known as the T-Peel Test, is
to evaluate the relative peel resistance of adhesive bonds with flexible adherends. The term
flexible is specifically stated in the context of this standard to mean any adherend that can be
bent up to 90 degrees without breaking.
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The dimensions of the adherends were carefully selected to be similar to those defined in
Victor Guarino’s 2013 document outlining glue test procedures [18], so that the data gathered
from this experimental study may be directly compared to other experimental data for the same
adhesive bond.
The flexible adherends are made of 6.35 mm thick 6061-T6 aluminum plate, which has been
cut into rectangular sections that are 100 mm wide and 203.2 mm long. These aluminum pieces
were then bent 90 degrees at the 152.4 mm mark using a hydraulic press and a bending jig. The
intermediate adherends were made by cutting full size di-counters into 152.4 mm sections. The
resulting sections of meant to be glued to the long end of the aluminum adherents, to form a test
sample like the one shown in Figure 4.4.

Figure 4.4 Peel sample dimensions
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4.2.2 Shear Sample Design

The shear test samples were designed following the general guidelines provided by the
ASTM D3164 standard. The purpose of this testing method is to evaluate the apparent shear
strengths of adhesives for bonding plastic to metal. The outlined test specimen involves a plastic
core sandwiched between metal adherends which extend over said core in opposite directions.
The metallic adherends are made of 6.35 mm thick 6061-T6 aluminum plate, which has been
cut into rectangular sections that are 100 mm wide and 152.4 mm long. The plastic cores for
each sample were made by cutting full size di-counters into 100 mm sections. The aluminum
sections are bonded to the top and bottom surfaces of the polystyrene in a way that fully covers
the plastic core and provides equal overhangs (which will be later used to apply the load) in
opposite directions. The resulting shear test samples and dimensions are shown in Figure 4.5.

Figure 4.5 Shear sample dimensions
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4.2.3 Surface Preparation and Adhesive Application

The adherend surfaces for both peel and shear samples were cleaned and treated, following
the epoxy manufacturer recommendations, for achieving the highest possible bond strength. The
implemented method for preparing these surfaces remained the same for the different materials
and sample types. The adherend surfaces were cleaned, first with warm water and later with
isopropyl alcohol, to remove any grease, dirt, or other contaminants. After allowing some time
for drying, the surfaces were scuffed using “Scotch-Brite” abrasive cleaning pads. Although
clean metals generally yield good bonds without added treatment, roughening their bonded
surfaces though means of abrasion provides a larger bond area, which dramatically increases
bond strength and is generally recommended. Plastics like polystyrene have low surface energies
(crucial in the bonding process) which, unlike metals, makes them very difficult to bond [11].
The layer of titanium dioxide applied to the polystyrene extrusions as reflective coating has
slightly higher surface energy, however, the abrasion treatment is necessary in order to achieve a
working bond. Lastly, after applying the surface treatment, the adherends were rinsed with water
to remove dust particles, generated in the abrasion process, which would otherwise weaken the
bond [11].
While the adherends were given time to dry, the epoxy resin and hardener were squeezed into
separate ceramic bowls using the applicator gun shown in Figure 4.6. Using plastic tablespoons
to achieve the desired mix ratio by column, the resin and hardener were transferred to a third
bowl for mixing. Contents were mixed for several minutes until a seemingly homogenous
consistency and color were achieved. The mixed adhesive was immediately applied to the
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prepared adherends and uniformly spread using a plastic paint scraper to achieve the required
bondline specified by the manufacturer. After bonding the adherends, aluminum weights were
placed on top to provide contact pressure, and samples were left to cure past the required seven
days.

Figure 4.6 Glue applicator gun

The necessary equipment for conducting the experimental tests became available two weeks
after the samples were constructed and set aside to cure in a temperature controlled environment.
At this point, all test specimens were gathered and measured, and two out of each type were
selected to undergo pre-test conditioning. The area measurements taken for the cured specimens
were used to initially determine the theoretical strength of each sample. However, due to the
surfaces of the polystyrene extrusions not being perfectly flat, not all the bonded area will
achieve the ideal bondline and thus the theoretical strength of the sample will decrease. The
samples were examined after testing to identify the properly bonded area and adjust their
theoretical strength to evaluate the type of failure for each sample. The cured peel and shear
samples are shown in Figures 4.7 and 4.8 respectively.
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Figure 4.7 Pre-testing peel samples ordered 1-5 top to bottom. Left to right views are tip,
profile, and bondline, respectively
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Figure 4.8 Pre-testing shear samples ordered 1-5 top to bottom. Left to right views are
bondline, and profile, respectively (samples are symmetric)
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4.2.4 Methodology

Two samples of each type were randomly selected to undergo special conditioning prior to
testing. The first pair of samples were subjected to a 30 K temperature increase for 4 hours, using
an OMEGALUX LMF-3550 furnace, then allowed to cool overnight. The second pair was
subjected to a compressive load of 10 kN using the tensile testing machines from the NIU
materials testing lab. These two specific conditions were chosen in order to determine whether
there is a need for precise climate control in the transport and storage of modules, and to evaluate
if stacking heavy modules would cause damage to the glue. The shear and peel tests were
conducting using an Instron 5967 Dual Column Testing System, shown in Figure 4.9, located in
the Industrial Building 3 at Fermilab.

Figure 4.9 Instron Testing System
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The testing procedure for all samples was the same, and closely followed the procedures
outlined in their respective ASTM standards. The steps outlining the procedure are:

1. Place the sample in the clamping jaws and tighten manually.

2. Make sure the clamped surfaces are properly oriented

3. Flip the hydraulic switch for the bottom and top jaws.

4. Start the test using the Instron software, which attempts to pull at a constant strain rate.

5. Observe samples closely for signs of cracking or slipping

6. Allow sample to separate completely.

7. Manually record the maximum load from the gathered data.

All Instron models are equipped with software able to control the loading in a way that yields
constant elongation, resulting in easy to interpret plots of force versus displacement. This feature
is very useful in testing single materials; however, it is not reliable when it comes to composites
such as the samples since it is not possible to know if the deformation is a result of materials
elongating or if the glue is beginning to fail. In addition to this, when some samples were being
tested, the gripping jaws slipped slightly, further corrupting displacement data. Therefore,
information reported here is the maximum load at failure.
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4.3 Peel Test Results

All the recorded failure loads and modes, along with theoretical strength calculations
(manufacturer specifies peel as 35-45 pli) for the peel samples are listed in Table 4.1.
Experimental testing showed all peel sampled failing at higher stresses than previously
anticipated. This is likely due to the fact that the thickness of aluminum used to construct the
samples was too rigid, causing the samples to experience cleavage stresses instead of peel.
Another factor that may have contributed in this unexpected high performance is excess glue at
the peel bondline, which may have prevented the initial crack, meant to propagate peel, from
initially occurring. The sample that was subjected to temperature changes prior to testing
performed at about half the strength of the non-conditioned samples, while the sample subjected
to compression showed no difference in resistance.
Although these values vary greatly from the strengths specified by the manufacturer, it is
important to note that they are in line with previous testing conducted for this specific
adhesive/adherend pair [19].

Table 4.1 Peel test results
Sample
#

Condition

1
2
3
4
5

Thermal
None
Compression
None
None

Theoretical
Strength
(lbf)
269.2-346.1
269.2-346.1
269.2-346.1
269.2-346.1
269.2-346.1

Failure
Load
(lbf)
470
1200
950
1150
1100

Peel (pli)

Failure Mode

59.0452 Adhesive/Cohesive
150.7537
Adhesive
119.3467 Adhesive/Adherend
144.4723
Adhesive
138.1909
Adhesive

Shown
on
Figure
4.10a
4.10b
4.10c
4.10d
4.10e
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As mentioned before, adhesive failure occurs when the adhesive/adherend pair is unable to
bond properly. This can be seen in samples 2-5, where the figures (4.10(b) trough 4.10(e)) show
the adhesive remains on the aluminum component completely as it has separated from the
polystyrene leaving no residue. The failure shown in sample 1 (Figure 4.10 (a)) is different from
the rest in that it leaves residue on both adherends, making it a mixed failure between adhesive
and cohesive modes. This is likely due to the fact that the coefficients of thermal expansion of
the epoxy and the polystyrene are similar, which meant that, as they were heated, the bond
between polystyrene and epoxy was weakened less than the aluminum bond.

Figure 4.10 Post-testing peel samples
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4.4 Shear Test Results

All the recorded failure loads and modes, along with theoretical strength calculations
(manufacturer specifies shear strength as 3200 psi) for the shear samples are listed in Table 4.2.
Theoretical strength calculations were performed assuming the ideal bondline was obtained at
the entire overlapping areas of the sample, however, a very small percentage of this area will
achieve this due to the geometry of the scintillator extrusions.
Failure loads for the shear samples appear to be significantly below the expected strengths. A
potential reason for this is the fact that, as stated earlier, plastic materials like polystyrene are
particularly difficult to bond adhesively. The thermal condition sample once again showed to
have significantly decreased strength compared to the rest, while the compression sample
showed no difference. Sample number 2 showed that an improper mixing ratio in the epoxy will
result in an almost total decrease of strength.
The fact that these results for shear are very similar to other shear tests previously performed for
this adhesive/adherend combination [20] may be an indication that the bonding strength limit for
these particular materials is much closer to 150 psi than 3200 psi.
Table 4.2 Shear test results
Sample
#

Condition

1
2
3
4
5

Thermal
1:1 Mix ratio
None
Compression
None

Theoretical
Strength*
(psi)
52147.2
51644.8
50140.8
48137.6
49136

Failure
Load
(lbf)
900
90
2100
2200
2450

Breaking
Stress
Failure Mode
(psi)
50.228
Adhesive/Cohesive
5.576
Adhesive
134.02259
Adhesive
140.40462 Adhesive/Cohesive
159.55714
Adhesive

Shown
on
Figure
4.11a
4.11b
4.11c
4.11d
4.11e
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The failure modes of shear samples 2,3, and 5(Figures 4.11(b), 4.11(c), and 4.11(e)) was
adhesive, which again meant the bond between the scintillator and the glue was not as strong as
the bond with the metal. This was expected for all samples but it is especially true for sample 2
which had an improper mixing ratio. The polystyrene bond was not necessarily made better but
rather affected less than the bond with aluminum in both samples that had an applied condition.
The sample with the thermal condition (Figure 4.11(a) shows mixed failure for the same reasons
as peel sample 1. Shear sample 4 (Figure 4.11(e)), which had the compression condition applied,
also shows this type of mixed failure, yet the failure load seems to be unaffected.

Figure 4.11 Post-testing shear samples
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4.5 Summary

Peel and shear samples were designed following design specifications and ASTM standards
in order to assess the performance of the glue selected as the binding agent for the CRV module
layers. Samples were constructed at NIU following specific surface preparation procedures and
curing times. Some of the samples were subjected to thermal and compression conditions prior to
testing in order to determine the degree of reduced strength of such conditions. After testing the
samples it was determined that peel strengths were higher than predicted, yet consistent with
prior testing. Shear samples showed strengths significantly lower than predicted yet still much
higher than their required strength. Shear samples were also consistent with previously
conducted testing. These results show that despite the adherend/adhesive pair is unable to reach
the full strength of the glue, the selected epoxy is acceptable and expected to perform adequately
for this design.

5. Conclusion and Recommendations

The purpose of the studies conducted in this thesis was to evaluate the mechanical effects
induced on CRV modules under new loading scenarios in order to determine how a system of
lifting mechanisms should be designed and implemented.
It was determined that none of the evaluated platform sizes would bring about a risk of
mechanical failure to the modules or their construction, given that even the largest stresses
resulting from the most extreme scenarios were way below the yield strengths of the construction
materials.
However, due to the nature of the CRV detector and the need for an efficiency of 0.9999, it is
not recommended that the vertical tip deflection be greater than 2 mm. It is important for the
effectiveness of this component that the interlock gap of the modules is maintained to about 3
mm throughout the length of the modules. Having the very end of a module come into early
contact with its neighbors as it is being lowered, even if it’s only by millimeters, may cause a
slight angle between the interlocked modules which would compromise the gap. Because of this,
it is recommended that the mechanisms used to lift the CRV-T and CRV-TS modules have
lifting platforms of at least 75 and 115 inches respectively. However, the consideration of cost
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versus tip deflection will play into the design decision for whether this type of mechanism is
implemented.
This thesis also examined the performance of the epoxy resin selected for the construction of
the CRV modules by experimentally testing the adhesive in peel and shear following ASTM
standards.
The experimentally found strength of the adhesive significantly differed from the
manufacturer specified strength. However, due to the fact that the gathered results are consistent
with other tests of the same adhesive/adherend combination, it is determined that the true
strength of the glue for this specific application is in line with these results. This being said, the
resin epoxy has been shown to be adequately strong for the stresses it is expected to endure
throughout the life of the CRV.
It is strongly recommended that the adherend surfaces, specially the polystyrene, are cleaned
and treated adequately prior to creating the adhesive bond in order to gain the highest possible
strength from the epoxy. If possible, mechanical means to guarantee bondline thickness such as
beads or spaces should be studied. Furthermore, due to the effects of the thermal condition to the
strength of the samples, it is also recommended that the finished modules are stored and
transported in environments with temperature and humidity control. Further testing, specific to
the effects of temperature changes, are also recommended in order to determine allowable
temperatures that the modules may be exposed to.
Overall it has been shown that the design of the modules and epoxy selection are adequate
for their original applications and the potential new loading scenarios that would arise from the
lifting system being proposed.
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Appendix B Mesh Convergence Studies
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Figure B.1 Convergence study for CRV-T aluminum component stress

Figure B.2 Convergence study for CRV-T polystyrene component stress
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Figure B.3 Convergence study for CRV-T deformation

Figure B.4 Convergence study for CRV-TS aluminum component stress

105

Figure B.5 Convergence study for CRV-TS polystyrene component stress

Figure B.6 Convergence study for CRV-TS deformation

Appendix C FEA Raw Data
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Table C.1 CRV-T Lifted scenario data
CRV-T Lifted Scenario
W

Def
Max
mm

EC
Max
Stress
MPa

OS
Max
Stress
MPa

MS
Max
Stress
MPa

IS
Max
Stress
MPa

SB
Max
Stress
MPa

L1
Max
Stress
MPa

L2
Max
Stress
MPa

L3
Max
Stress
MPa

L4
Max
Stress
MPa

L3 T
Max
Shear
MPa

in
60
65
70
75
80
85
90

2.491
2.275
2.084
1.901
1.703
1.516
1.316

5.189
4.830
4.527
4.259
3.978
3.725
3.465

3.542
3.290
3.077
2.890
2.692
2.515
2.332

1.706
1.595
1.506
1.420
1.337
1.256
1.179

1.699
1.579
1.482
1.395
1.305
1.224
1.140

3.989
3.717
3.503
3.286
3.083
2.885
2.690

0.243
0.226
0.212
0.200
0.187
0.175
0.163

0.147
0.138
0.130
0.123
0.116
0.109
0.102

0.122
0.116
0.110
0.106
0.100
0.096
0.091

0.195
0.183
0.176
0.164
0.158
0.147
0.141

0.061
0.059
0.056
0.053
0.051
0.049
0.047

Table C.1 CRV-T Lifting scenario data
CRV-T Lifting Scenario
W

Def
Max
mm

EC
Max
Stress
MPa

OS
Max
Stress
MPa

MS
Max
Stress
MPa

IS
Max
Stress
MPa

SB
Max
Stress
MPa

L1
Max
Stress
MPa

L2
Max
Stress
MPa

L3
Max
Stress
MPa

L4
Max
Stress
MPa

L3 T
Max
Shear
MPa

in
60
65
70
75
80
85
90

2.751
2.513
2.302
2.100
1.881
1.674
1.453

5.737
5.340
5.006
4.709
4.398
4.119
3.832

3.917
3.638
3.402
3.195
2.976
2.781
2.579

1.886
1.764
1.665
1.570
1.478
1.389
1.304

1.883
1.750
1.643
1.546
1.447
1.357
1.264

4.421
4.119
3.882
3.642
3.417
3.197
2.981

0.268
0.249
0.234
0.220
0.206
0.193
0.179

0.162
0.152
0.143
0.135
0.127
0.120
0.112

0.134
0.127
0.122
0.116
0.111
0.105
0.100

0.214
0.201
0.194
0.181
0.174
0.162
0.155

0.067
0.065
0.062
0.059
0.057
0.054
0.052
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Table C.3 CRV-TS Lifted scenario data

Table C.4 CRV-TS Lifting scenario data

